The exponential growth in the number of scientific papers makes it increasingly difficult for researchers to keep track of all the publications relevant to their work. Consequently, the attention that can be devoted to individual papers, measured by their citation counts, is bound to decay rapidly. In this work we make a thorough study of the life-cycle of papers in different disciplines. Typically, the citation rate of a paper increases up to a few years after its publication, reaches a peak and then decreases rapidly. This decay can be described by an exponential or a power law behavior, as in ultradiffusive processes, with exponential fitting better than power law for the majority of cases. The decay is also becoming faster over the years, signaling that nowadays papers are forgotten more quickly. However, when time is counted in terms of the number of published papers, the rate of decay of citations is fairly independent of the period considered. This indicates that the attention of scholars depends on the number of published items, and not on real time.
Introduction
Scientific publications in peer reviewed journals serve as the standard medium through which most of the progress of science is recorded. Besides offering a mechanism for claiming priorities and exposing results to be checked by others, publishing is also a way to attract attention of other scientists working on related problems. Attention, measured by the number and lifetime of citations, is the main currency of the scientific community, and along with other forms of recognition forms the basis for promotions and the reputation of scientists [1] . As Franck [2] , Klamer and van Dalen [3] have pointed out, there is an attention economy at work in science, in which those seeking attention through the production of new knowledge are rewarded by being cited by their peers, whose own standing is measured by the amount of citations they receive.
The attention economy is also at work in many other fields besides science, ranging from entertainment to marketing, and is responsible for the phenomenon of stars, i.e., people whose income in attention far exceeds the norm in their own endeavors. Moreover, attention is a strong motivator of productivity. Recently, it has been shown that the productivity of YouTube videos exhibits a strong positive dependence on the attention they receive, measured by the number of downloads [4] . Conversely, a lack of attention leads to a decrease in the number of videos uploaded and the consequent drop in productivity, which in many cases asymptotes to no uploads whatsoever.
Decision making and marketing, among others, are based on the mechanisms ruling how attention is stimulated and maintained [5, 6, 7, 8, 9] . Over the past years, thanks to the Internet, a huge amount of data has allowed a thorough investigation of the dynamics of collective attention to online content, ranging from news stories [10, 11, 12] , to videos [13] and memes [14, 15, 16] . Here attention is measured by the number of users' views, visits, posts, downloads, tweets. It is also noted that the attention decays over time, not only because novelty fades, but also because the human capacity to pay attention to new content is limited. A typical temporal pattern is characterized by an initial rapid growth, followed by a decay. The decay turns out to be slower than exponential: power law fits give the best results, stretched exponentials being preferable in particular cases [11] .
In this paper we focus on the decay of attention in science, on the basis of scientific articles, which like any other content, become obsolete after a while. Typically this happens because their results are surpassed by those of successive papers, which then "steal" attention from them. The problem of the obsolescence of scientific contents has received a lot of attention in scientometrics. The typical approach is to study the evolution of the number of citations received by a paper in a given time frame (usually one year), since its publication. The nature of the decay has been controversial, with earlier claims of an exponential trend [17, 18] , followed by more recent analyses supporting a slower power law curve [19, 20, 21, 22] . This is partly due to the different types of analysis and the use of distinct data sources. Note that patterns of individual papers are usually noisy, as one cannot count on the high statistics available for online contents: the number of tweets posted on a single popular topic may exceed the total number of scientific publications ever made.
On the other hand, in contrast to online sources, bibliographic databases enable one to perform a longitudinal study of the life cycles of papers. In this work we make a systematic analysis of papers' life cycles, across different scientific fields and historical periods. We find that the decay of attention for individual papers can be described both by exponential and power law behaviors. Exponential fits turn out to be preferable in the majority of cases. These results are compatible with a relaxation of attention modeled by ultradiffusion, as observed for the popularity of online content [12] . We also found that attention is dying out more rapidly with time. However, due to the ongoing exponential growth of scientific publications, we conjecture that the faster decay observed nowadays is a consequence of the much larger pool of papers among which attention has to be distributed. In fact, if time is renormalized in terms of the number of papers published in the corresponding period (e.g., in each given year), we find that the rescaled curves die out at comparable rates across the decades.
Material and methods

Data description
Our data set consists of all publications (articles and reviews) written in English till the end of 2010 included in the database of the Thomson Reuters (TR) Web of Science. For each publication we extracted its year of publication, the subject category of the journal in which it is published and the corresponding citations to that publication. Based on the subject category of the journal (determined by TR) of the publication, the papers were categorized in broader disciplines such as Physics, Medicine, Chemistry and Biology (see Table 1 ). Most analyses are carried out using the top 10% papers (based on their total number of citations), as it allows to include a sufficient number of papers from older times, but still keeping the number of yearly citations large enough to allow for a statistically valid analysis. The analysis of papers with relatively lower citations follow qualitatively similar behavior and is shown in the Appendix. Table 1 : Basic statistics of the different scientific fields we considered: Clinical Medicine, Molecular Biology, Chemistry and Physics. They represent the most active fields in terms of the total volume of publications. Here, N P is the number of publications in a given field, cmax is the maximum number of citations to a given paper in that field and c is the average number of citations to all the papers in that field. 
Data fitting and F-statistics
We measure the trend in the temporal evolution of the different plots using the least square method. We consider the F-statistics for a significant linear regression relationship between the response variable and the predictor variable. We used it to compare the statistical models that best fit the population from which the data were sampled. As the F-score takes into account both the number of data points available for the fit and the number of degrees of freedom of the model, it is possible to compare the accuracy of the fit for different models with different parameters or between data sets of different size.
Results and discussions
Evolution of the number of citations
We first look at the way citations received by a paper change with time. Since different scientific fields are characterized by different volumes of publications and citations, many features of the citation trajectory are field dependent. However, for most fields the number of yearly citations c i (t) to a given paper i rises after its publication and peaks within 2-7 years. The peak is followed by a decay in the number of citations that reflects the obsolescence of older knowledge. is the maximum number of citations received by paper i in any given year after its publication. For both disciplines, the citation trajectories of papers published over different years show systematic changes with time. New papers have higher citation rates for the first few years, whereas over longer periods of time old papers have higher citation rates. Some irregularity in the tail of the citation trajectories might be due to the heterogeneity in the time to reach the peak number of citations ∆t peak . The change in the citation rate over time is more evident when we group the papers based on their peak year, i.e., year in which they receive the maximum number of citations. Thus, the peak year represents the year in which a paper is at the peak of its attention. Fig. 1 (bottom panels) show that the decay pattern is more robust when the papers were aggregated according to their peak year as compared to their publication year. Furthermore, after the peak year the citations rate decreases faster for more recent papers. Although we focused only on the top 10% of papers (based on their total number of citations), other deciles also show similar characteristics (see Appendix Fig. B1 ).
Evolution of the time to peak
Next we investigate whether the time to reach the peak in the number of citations ∆t peak changes with time. In Fig. 2 (a-d) we plot the distribution of ∆t peak for papers published in the same year, for all four disciplines and for several years. The majority of the papers peak within a few years since publication. Papers in Biology are characterized by small ∆t peak as compared to papers in Medicine, Physics and Chemistry. For all fields the distribution of ∆t peak is time dependent, with its value decreasing steadily in time. Fig. 2 (e,f) shows the time evolution of the mean of ∆t peak for different fields and two groups of papers: the most cited 10% and the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] percentile. The decreasing mean of the time to peak indicates that in recent times papers are taking less time to reach the peak of their attention. Also, this behavior is shown to be independent of the citation volume of the papers, although papers with fewer citations take less time to reach the peak. Biology shows again a unique behavior, with its values being constantly below the ones of the other fields, indicating an intrinsic faster peak time.
Functional form of citation decay
To investigate the time evolution of the change in attention we first determine the functional form of the citation decay of each paper. We fit the normalized citation trajectories c i (t) ≡ c i (t)/c max i using both the exponential and power law curves. We used an additional parameter in both fitting functions because the normalized citation curves after the initial decay eventually converge to a nonzero plateau. The exponential fitting function is given by c i (t) = β e exp(−α e t) + γ e whereas the power law fitted function is given by c i (t) = β p t −αp + γ p . We fit the normalized citation trajectories of each paper and determine the best fit parameters using the least square method. First, we found that for the majority of the papers both the exponential and power law decrease could fit the decaying behavior, since the p-value of the fit is less than 
10
−3 . However, comparing the two fits for each paper using F-statistics, we found that the exponential fits better the decaying behavior. Fig. 3 shows that for most paper F -statistics is much larger for the exponential fit as compared to the power law fit. Interestingly, in recent years the fraction of papers that fits a power-law curve has been increasing systematically. Fig. 3 (e) shows the time evolution of the fraction of papers whose F-score in the exponential fitting exceeds the F-score for the power law case for the top 10% decile. All the four fields show a trend where the power law fit gradually improves in time. This phenomenon may be linked to the smaller impact of the convergence to the final plateau, on the fit. On average the convergence to the plateau takes more than 20 years, and papers in recent years might not have reached this plateau in their decay.
Ultradiffusion and decay in attention
A trademark of the evolution of the number of citations of a paper is their decline after reaching a peak. Here, we provide an explanation of this decay. Each citation is considered as an event and the temporal evolution of the number of citations (after the peak) is taken as a counting process. The observed counting process could be rationalized as ultradiffusive if it has signatures associated with an ultradiffusive process. Ultradiffusion is a stochastic process where every timestamp of a timeseries {t i } (t i < t j if i < j) ∀i ∈ 0 · · · n is associated with an event {X tn−ti }. State X tn−t0 is analogous to the event of citing the paper. All the other states are associated with not citing the paper. Unlike the Poisson process, which assumes that events occur independently of each other, ultradiffusion elicits that a later event might be caused by or correlated to an earlier event or a combination of earlier events. The earlier event in turn might be independent or might be correlated to a combination of even earlier events. This leads to a hierarchical causal/correlational model of prior event occurrences which can be used to predict the occurrence of a new event. Thus, ultradiffusion proposes that the observed pattern of events is a consequence of an underlying hierarchy of states. In this hierarchical model, an event temporally nearer to the occurring event has a greater probability of affecting it. In other words, the correlation between two events is determined by a notion of "closeness" or distance between them.
For any ultradiffusive process there must be an ultrametric space on which distances between occurrences are defined. In this case the distance between two events X ti and X tj can be defined as
The above definition of distance satisfies the ultrametric distance metric properties and thus the associated space is ultrametric [12] . For an unltradiffusive proces, the autocorrelation P Xt i (t) , i.e., the probability of finding the system at the initial state X ti after time t can be calculated analytically. The autocorrelation function has an exact solution for an ultrametric space defined by a hierarchical tree. Assuming that the rate of transition between states is X ti and X tj is exp −µd(Xt i ,Xt j ) , with µ being the scaling function, and, the probability of citing the paper is 1 when the peak in the number of citations is reached, the probability of citing the paper at time t is given by P Xt n−t0 (t). When the number of states is finite, such an autocorrelation function is exponential in nature, otherwise it follows a power law behavior [23] . Fig. 4 shows the distributions of the exponential decay rates α e for papers grouped by their peak years. The distributions for different disciplines show that majority of papers have a characteristic rate. Moreover, for all the disciplines the shape of the distribution is broader for papers peaking in recent years. The median of the distributions shows a systematic increase in time (Fig. 4 e,f) . Such a faster decay behavior is independent of the fitting ansatz. Furthermore, this pattern is independent of the group of papers chosen for the analysis (top 10% for top panel, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] percentile for bottom panel). This suggests that the later a paper peaks, the shorter is its life cycle, implying a faster decay of scientific attention in terms of absolute time. The decay rates and their relative increase with time appears to be field dependent. For example, for Physics and Chemistry the decay is faster compared with Biology and Medicine.
Evolution of the decay exponent
Exponential increase in number of publications
The progressively faster decay in attention we observe is compatible with the intuitive picture of scientific theories and papers constantly replaced by other competing results. As the number of publications is also growing with time, it takes less time to replace or update older scientific results. Thus, the rapid increase in the number of papers could provide an explanation. In Fig. 5 we report the growth of the number of publications in different fields with time, fitted by the function N p = N 0 exp δt . All the fields show an exponential increase, as observed for the total number of publications.
Hence, the process of attention gathering needs to take into account the increasing competition between scientific products. With the increase of the number of journals and increasing number of publications in each journal (not to mention the growth of online journals, which do not have physical constraints in their publication volume), a scientist inevitably needs to filter where to allocate its attention, i.e. which papers to cite, among an extremely broad selection. This may also question whether a scientist is actually fully aware of all the relevant results available in scientific archives. Even though this effect is partially compensated by the increase of the average number of references, one needs to consider the impact of increasing publication volume on the attention decay.
Rescaling time
To analyze the impact of the growth of system size we use the half-life of a paper, which is a metric regularly adopted to evaluate the typical life-cycle of a paper. The half-life of a paper is the time after which the normalized citation rate c i (t) is never above 1 2 . Similarly, instead of 1/2, other thresholds σ of the citation rate can also be considered. In mathematical terms: i is the year of the last "sub-peak" of attention for paper i as it quantifies the last moment i,f
Medicine, 9128 ± 1027 Biology, 2926 ± 241 Chemistry, −1378 ± 492 Physics, 1702 ± 879 Figure 6 : The half-life of papers t 1 2 i in terms of absolute time decreases linearly, whereas the rescaled half-life of papers t 1 2 i in terms of the number of publications is relatively constant. The panels show the evolution of t in the history of the paper at which it has been able to gather sufficient attention. Using the data shown in Fig. 5 , we are able to convert its value from a measure of time into a measure of number of publications in the paper's discipline that have been published between the peak of the paper and t 1 2 i . Therefore we are able to define a renormalized version of t 1 2 i as:
where t peak stands for the peak year and N f p (t) indicates the number of publications in field f of paper i for year t. i (top panel) decreases linearly with time for all the four fields. This decrease is consistent with the linear increase in the decay rate of the citation trajectory. Also, there is an interesting grouping between Medicine/Biology and Chemistry/Physics: they start off widely separated but they converge pairwise to similar values in recent years. On the other hand the evolution of the renormalized half-life t 1 2 i,f shows a relatively stable behavior, with no clear decreasing pattern for any of the fields. A similar behavior is also observed when lower thresholds σ are used, i.e., by forcing the drop to be more significant (see Appendix Fig. C2 a) . Interestingly, the picture changes if we consider the half-life to be the first time when the normalized citation rate c i (t) decreases below 1 2 . In this case, the renormalized half-life shows an increasing pattern with time ( Appendix  Fig. C2 b) . Fig. 6 suggests that, even though papers are now taking on average less time to drop below a certain threshold of attention, the number of published papers after which a work becomes obsolete does not show the same behavior. On the contrary, our data indicates an approximately constant value throughout the time period of the study. So, the growing number of publications proportionally increases the likelihood of a paper to become obsolete, but the contribution of each paper to this process is about the same, regardless of the age of the paper.
Conclusions
We have studied how attention towards scientific publications diminishes over time, due to the obsolescence of knowledge. For millions of papers in four different disciplines we find that after reaching a peak, typically a few years since publication, the number of citations goes down relatively fast. We find that exponential decays are to be generally preferred over power law decays, though the latter are providing better and better descriptions of the data for recent times. The existence of many time-scales in citation decay and our ability to construct an ultrametric space to represent this decay, leads us to speculate that citation decay is an ultradiffusive process, like the decay of popularity of online content. Interestingly, the decay is getting faster and faster, indicating that scholars "forget" more easily papers now than in the past. We found that this has to do with the exponential growth in the number of publications, which inevitably accelerates the turnover of papers, due to the finite capacity of scholars to keep track of the scientific literature. In fact, by measuring time in terms of the number of published works, the decay appears approximately stable over time, across disciplines, although there are slight monotonic trends for Medicine and Biology. However, we must emphasise that we normalized time by using the number of published papers in the discipline at study. This is the simplest choice to make, but it is not necessarily the most sensible one. The fields we considered are rather broad, and subdivided in many different topics. Scholars working on any of such topics will be affected mostly by the literature of the topic, and hardly by anything else. It is very difficult to isolate the relevant literature case by case. Still, considering the whole bulk of publications in each single discipline is a way to discount the exponential growth of scientific output and we have found that this suffices to counterbalance (at least to a large extent) the apparent faster decay of attention observed in recent years. the pattern shown in the paper is retained for other choices of parameters. However, at σ = 0.3, Physics also shows a slight decreasing patter, whereas Medicine and Biology retain their increasing trends. whereast is defined still in the same way as in Eq. 3 but using the previously defined value for t. In th framework the half life of the paper is considered as the first year in its life cycle where its citations have dropped below a certain threshold. The figure shows that with this definition the values oft lose their decreasing pattern in favour of a field specific value, which is retained in the years. Similarly, the behavior fort shows a deviation from the previously constant pattern in favor of a significant increase in its values. 
